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ABSTRACT
This letter reports on the Galactic stellar structures that appear in the foreground of our Canada-
France-Hawaii-Telecopse/MegaCam survey of the halo of the Andromeda galaxy. We recover the
main sequence and main sequence turn-off of the Triangulum-Andromeda structure recently found by
Majewski and collaborators at a heliocentric distance of ∼ 20 kpc. The survey also reveals another
less populated main sequence at fainter magnitudes that could correspond to a more distant stellar
structure at ∼ 28 kpc. Both structures are smoothly distributed over the ∼ 76deg2 covered by the
survey although the closer one shows an increase in density by a factor of ∼ 2 towards the North-West.
The discovery of a stellar structure behind the Triangulum-Andromeda structure that itself appears
behind the low-latitude stream that surrounds the Galactic disk gives further evidence that the inner
halo of the Milky Way is of a spatially clumpy nature.
Subject headings: Galaxy: evolution — Galaxy: halo — Galaxy: structure — Local Group
1. INTRODUCTION
The stellar halos of galaxies such as our ownMilky Way
are expected to have formed over time by the accretion of
stellar material from satellites falling within its gravita-
tional potential (e.g. Freeman & Bland-Hawthorn 2002
and references therein). The discovery of the disrupt-
ing Sagittarius dwarf galaxy (Ibata et al. 1994) and the
stream of stars it leaves in the Galactic halo (Ibata et al.
2001b, 2002; Majewski et al. 2003) has revealed that such
accretions indeed take place at the present time. Cur-
rently, the best evidence for the clumpy nature of the in-
ner halo of the Milky Way (D ∼
< 50 kpc) is given by the
Sloan Digital Sky Survey (SDSS) whose mapping of the
North Galactic Cap shows numerous coherent streams
or more fuzzy and diffuse stellar structures believed to
be remnants of past accretions (Belokurov et al. 2006;
Bell et al. 2007).
Aside from large sky surveys such as the SDSS, the
search for stellar structures surrounding the Milky Way
has also strongly benefited from wide-field mappings
of the Andromeda galaxy (M31) and its neighborhood.
These mainly photometric surveys need to be deep
enough to track M31 red giant branch (RGB) stars and
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therefore also contain the brighter and bluer main se-
quence stars that belong to foreground stellar structures.
Ibata et al. (2003) have used their Isaac Newton Tele-
scope (INT) survey to show that the low latitude stream
(LLS), first discovered by Newberg et al. (2002) in the
anticenter direction and also referred to as the Mono-
ceros Ring, actually surrounds the Milky Way disk and is
present along the M31 line of sight. Kinematics of these
main sequence stars also agree with previous detections
of this stream, on a roughly circular orbit around our
Galaxy (Martin et al. 2006b). Using ten deeper fields
observed within ∼ 10◦ of M31, Majewski et al. (2004)
have revealed that another stellar structure can be seen
behind the LLS as a fainter and sparser main sequence.
A companion paper by Rocha-Pinto et al. (2004) tracks
this so-called Triangulum-Andromeda (TriAnd) struc-
ture with RGB stars selected in the 2MASS catalogue.
Spectroscopic follow-up of these stars unveiled a metal-
licity [Fe/H] ∼ −1.2 and a low velocity dispersion con-
sistent with an accretion origin.
In this paper, we take advantage of our deep and wide
survey of the Southern region of the M31 outer halo
(Martin et al. 2006a; Ibata et al. 2007) to study these
foreground stellar structures. The survey was observed
with the MegaCam wide-field camera mounted on the
Canada-France-Hawaii Telescope and currently repre-
sents the deepest wide dataset toward M31. We use it to
characterize the TriAnd structure and reveal yet another
main sequence fainter than TriAnd and that could corre-
spond to a farther stellar structure. § 2 briefly presents
the dataset while § 3 studies the two main sequences that
appear in the color-magnitude diagram of the MegaCam
data. § 4 concludes this letter.
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Fig. 1.— Extent of the MegaCam survey in the Southern quad-
rant of the M31 halo (thick line). North is to the top and East to
the left. The dotted lines correspond to a grid in Galactic coordi-
nates. Known M31 satellites are represented by circles or a dotted
circle in the case of M33. The inner ellipse around M31 approxi-
mately corresponds to its Hi disk with a radius of 27 kpc while the
outer ellipse marks a distance of 50 kpc and ellipticity 0.6. The
INT survey in which the TriAnd structure is observed (Ibata et al.
2003) fills the outer ellipse. The ten fields that Majewski et al.
(2004) used to discover the structure are shown as crossed squares.
2. DATA
The extent of the MegaCam survey studied in the let-
ter is delimited in Figure 1 (thick line polygon). It cor-
responds to 84MegaCam fields observed between 2003-
2006 and covers∼ 76 sq. deg. Compared to Martin et al.
(2006a) and Ibata et al. (2007), six fields that lie close
to the M33 galaxy and two fields that overlap with the
M31 disk are not considered here. They contain young
stars that contaminate the blue regions of the color-
magnitude diagram (CMD) where foreground Galactic
main sequences (MS) are found. The location of the
fields that were used by Majewski et al. (2004) to dis-
cover TriAnd are also shown Figure 1 as crossed squares.
We refer the reader to Ibata et al. (2007, sections 2
and 3) for a detailed description of the dataset. We would
like to emphasize that even at the faint end of the CMD
regions studied here (i ∼ 23.0), photometric uncertain-
ties are ∼
< 0.05 and completeness is ∼
> 90%; none of these
effect should hamper our conclusions. Moreover, given
the clear difference between maps of background galax-
ies and metal-poor M31 stars in the survey (respectively
Figures 12 and 20d), star-galaxy separation does not ap-
pear to be an issue either.
3. RESULTS
The Hess diagram of the ∼ 1.9 × 106 stars found in
the MegaCam survey is shown Figure 2. The most ob-
vious feature, located within the two dashed isochrones
in the bottom panel is produced by RGB stars at the
distance of the Andromeda galaxy. The broadness of
this feature is due to the numerous structures with dif-
ferent metallicities that are traced in the halo of M31.
These include metal-poor dwarf galaxies such as And II
and III that create the bluer RGBs and the Ibata et al.
(2001a) metal-rich giant stream that is currently disrupt-
ing in the M31 halo and produces the redder RGBs (see
Ibata et al. 2007 for more details on these structures re-
Fig. 2.— Hess diagram of the ∼ 1.9 × 106 stars in the Mega-
Cam survey. Both panels present the same CMD, with labels
and isochrones overlaid on the bottom panel. The densest fea-
tures correspond to background M31 stars (between the two dashed
isochrones of metallities [Fe/H] = −2.3 and 0.0 placed at the dis-
tance of M31) and foreground Milky Way disk stars that pile up at
(g−i)0 ∼
> 1.8. The main sequence of the TriAnd structure is clearly
visible between (g − i, i)0 ∼ (0.3, 19.5) and (g − i, i)0 ∼ (0.8, 22.5).
Another fainter and more diffuse main sequence is also visible for
i0 ∼
> 21.5 before it merges with the TriAnd MS. On the bottom
panel, the double line corresponds to the LLS main sequence as
detected by Ibata et al. (2003) and the white full lines represent
the Girardi et al. (2004) isochrone of 10Gyr and [Fe/H] ∼ −1.3
shifted to a distance modulus of 16.5 and 17.25 to fit the TriAnd
and TriAnd2 MSs, respectively.
lated to the Andromeda galaxy). Foreground Galactic
disk dwarf stars at various distances along the line of
sight create the red feature at (g − i)0 ∼ 1.8 and popu-
late the CMD in the i0 ∼< 20.0 region as these stars evolve
along their main sequence and become bluer. Finally, the
TriAnd MS turn-off clearly appears in the bluer regions
of the CMD and extends from (g − i, i)0 ∼ (0.3, 19.5)
down to (g − i, i)0 ∼ (0.8, 22.5). This main sequence
“forks” at i0 ∼ 21.5 to reveal another more diffuse main
sequence at fainter magnitudes. This fainter MS has to
our knowledge never been detected before probably due
to its faintness (for instance, the INT survey of the inner
halo of M31 in which LLS and TriAnd are detected is not
deep enough to show it) and its low density that prevents
detections from deep “pencil-beam” observations toward
M31.
The ridge of the LLS main sequence discovered by
Ibata et al. (2003) in their INT survey has been plotted
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Fig. 3.— CMDs of the MegaCam survey and Besanc¸on model (top- and bottom-left respectively) with the selection boxes used to
construct the density maps of the TriAnd (middle) and TriAnd2 (right) structures. Pixels that are more than 50 percent within the
boundaries of the MegaCam survey are corrected from incompleteness. Pixels with a lower completeness factor are not shown. TriAnd
shows denser regions in the North-Western parts of the survey (ξ <∼ 4
◦ and η >∼ − 7
◦) whereas TriAnd2 appears smoother. None of the
two structures show a well-defined core or center.
in the bottom panel of Figure 2. It overlaps reasonably
well a denser feature of the CMD produced by stars in
the Northern-most fields of the survey, where the LLS
was tracked in the INT data (down to b ∼ −24◦). The
TriAnd MS is ∼ 2magnitudes fainter than the LLS fidu-
cial but the bluer turn-off of TriAnd ((g − i)0 ∼ 0.15)
compared to LLS ((g−i)0 ∼ 0.4) probably indicates a dif-
ference in age and/or metallicity between the two struc-
tures and therefore precludes a simple shift of the LLS
fiducial to determine the distance to TriAnd. However,
using the spectroscopic metallicity measured for TriAnd
RGB stars ([Fe/H] ∼ −1.2; Rocha-Pinto et al. 2004), one
can constrain the age and distance of the structure from
the color and magnitude of the turn-off. It can be seen on
the right panel of Figure 2 that the Girardi et al. (2004)
isochrone with a metallicity Z = 0.001 (corresponding to
[Fe/H] ∼ −1.3), an age of 10Gyr and a distance mod-
ulus of 16.5 gives a good agreement with the MegaCam
observations. This corresponds to a heliocentric distance
of ∼ 20 kpc and a Galactocentric distance of ∼ 25 kpc.
Although the turn-off of the fainter MS is hidden behind
the TriAnd MS and MS turn-off, the same isochrone pro-
vides a good fit when assuming a distance modulus of
17.25. This converts to heliocentric and Galactocentric
distances of ∼ 28 kpc and ∼ 33 kpc respectively. For
clarity, we will call this new feature TriAnd2 hereafter.
Since there is no region in the MegaCam survey where
these CMD features seem absent, we rely on the Be-
sanc¸on model Robin et al. (2003) to check whether they
are expected from Milky Way components (disk and
mainly stellar halo in these blue regions). We extract a 25
sq. deg. region from the model with −30◦ < b < −25◦
and 125◦ < l < 130◦ and apply the same smoothing
as in Ibata et al. (2007) to account for the unphysical
sharpness of the CMD structures in the model (see their
Figure 15). Completeness is not corrected in this let-
ter since it does not have a significant impact in the re-
gion of the CMD we are interested in. The survey and
the model CMDs are shown in the top- and bottom-left
panels of Figure 3, normalized to 1 sq. deg. to allow
a proper comparison. They have dramatically different
features: the model does not show any of the two MSs
but its stellar halo produces a blue vertical feature at
(g − i)0 ∼ 0.25 that is not present (or at least not as
dense) in the survey. Although TriAnd is a clear 2− 3×
overdensity compared the model, this is not the case of
TriAnd2 that is much fainter and falls in the CMD region
where the density of halo stars increases in the model.
But no turn-off is observed in the model CMD where halo
stars never bend to redder colors as the TriAnd2 MS does
(Figure 2). Interestingly, a comparison of the COSMOS
data (l = 237◦, b = +42◦) with the Besanc¸on model re-
veals that a “hook-like” feature very similar to the MSs
observed toward M31 may be due to a stellar structure
that inhabits the Milky Way halo at 22 − 34 kpc in this
direction (Robin et al. 2006). Therefore, it appears more
likely that the TriAnd2 CMD is indeed a MS, that it is
not linked to a smooth Galactic components (disk or stel-
lar halo) and belongs to a stellar structure that inhabits
the inner halo of the Milky Way. This adds to the grow-
ing evidence that the Milky Way halo is not well modeled
by a simple smooth model (Bell et al. 2007).
Density maps of TriAnd and TriAnd2 stars are also
shown Figure 3, with stars selected along the two main
sequences, within the selection boxes overlaid on the top-
left CMD of the Figure. These two boxes are chosen
independently to maximize the number of selected MS
members while reducing contamination by avoiding M31
stars and the region where the 2 features merge in the
CMD. As such, the map densities are not directly com-
parable but provide a tool to study the spatial evolution
of both stellar structures over the area of the survey. The
map of metal-poor M31 stars (Figure 20d of Ibata et al.
2007) is very distinct from the TriAnd/TriAnd2 maps
and shows that there is no significant M31 contamina-
tion of the maps of Figure 3. If such a contamination
was present, the numerous metal-poor streams found by
in the East of the survey would also clearly appear here.
TriAnd shows some fluctuations in its density, with an
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Fig. 4.— Surface brightness map of the combined TriAnd and
TriAnd2 features (assuming the TriAnd distance) from stars in the
21.0 < i0 < 22.0 magnitude range. The color shift of each star from
the TriAnd isochrone (Figure 2) is determined and regions away
from the main sequence (delimited by the dotted lines) are fitted
by an exponential function (dashed line) to estimate the underlying
background CMD contamination.
approximately twofold increase1 between the low density
Southern region and the higher density North-Western
region of the survey (η >∼ − 7
◦ and ξ <∼ 4
◦). TriAnd2
on the other hand shows no significant variation in its
density over the survey.
Although the selection boxes that are used to construct
these maps do not allow a simple transformation to sur-
face brightness given the absence of knowledge on the
CMD contamination, this can be done in the region of
the CMD were the two MSs have merged. We determine
a bright limit of the TriAnd surface brightness by assum-
ing that all the stars belong to the closer TriAnd MS and,
since TriAnd2 does not appear to fluctuate significantly
over the survey, variations should reflect those of TriAnd
alone. The magnitude range used is 21.0 < i0 < 22.0
and corresponds to 4.7 < MV < 5.8. According to the
Dotter et al. (2007) luminosity function for a population
of 10Gyr, [Fe/H] = −1.5 and a Salpeter IMF (Salpeter
1955), 11.7% of the luminosity of the stellar population
is measured in this magnitude range2. For each couple
of nearby fields (the signal is too low in single fields),
we construct the distribution of stars in this range as a
function of their color shift from the TriAnd isochrone
of Figure 2. An example of the corresponding histogram
is shown in the inset panel of Figure 4 with the stellar
overdensities clearly visible. To correct for the underly-
ing CMD contamination we fit an exponential function
(the dashed lines) to the regions surrounding the over-
density (color shift < −0.3 and 0.5 < color shift < 0.8).
All counts above the dashed line in the color shift range
between −0.3 and 0.5 are finally translated to surface
brightness in the V band. The map of Figure 4 presents
the fluctuations of ΣV in the survey and confirms the
findings of the TriAnd counts map, with a ∼ 0.3 magni-
tude shift between the Southern regions (∼ 32.1mag./sq.
arcsec) and the North-Western ones (∼ 31.8mag./sq.
arcsec). This corresponds to an increase by a factor of
two in the number of stars in the selection box. These
values are also in reasonable agreement with the bright
limits measured in a similar way by Majewski et al.
(2004; ΣV = 32.0 or 32.4 depending on their isochrone
assumptions). However, it does not take into account the
merging of the two MSs in the region of the CMD that
was used. For instance, if 25% of the stars in fact belong
to the fainter TriAnd2 main sequence, the surface bright-
ness of TriAnd would be fainter by ∼ 0.3mag/arcsec2.
4. DISCUSSION
The presence of two Galactic stellar structures in the
MegaCam data at Galactocentric distances of ∼ 25 and
∼ 33 kpc, added to the low-latitude stream observed only
a few degrees away (Ibata et al. 2003) shows the clumpy
nature of the inner halo of the Milky Way in this re-
gion. But since these structures do not show any bound-
ary within the ∼ 76 deg2 covered here, there is no rea-
son that this conclusion should only be applied toward
M31. In fact, each step forward in the depth and/or
coverage of the inner halo reveals hitherto undetected
stellar structures within a few tens of kiloparsecs (e.g.
Belokurov et al. 2006, Robin et al. 2006). This increas-
ingly clumpy and complex nature of the inner halo of
the Galaxy is reminiscent of the inner halo of M31 which
also contains large amounts of substructure with much
of it in the form of a large extended rotating component
(Ibata et al. 2005).
However, this does not rule out that some of these
stellar structures could be linked together. It has al-
ready been proposed by Majewski et al. (2004) that the
TriAnd structure could be another loop of the low lat-
itude stream, produced by its progenitor spiraling to-
ward the Galactic center. Simulations of the stream by
Pen˜arrubia et al. (2005) or Martin et al. (2005) indeed
show that TriAnd is a natural outcome of such an ac-
cretion. Could the new structure found here also be re-
lated to TriAnd? The good fit of the same isochrone to
both main sequences in Figure 2 indicates a similar stel-
lar population. However, the turn-off of this structure
is bluer than that of the LLS and would argue against
a link, although it could also indicate that the putative
progenitor of all these structures contained a stellar pop-
ulation gradient. A definite answer will have to wait for
spectroscopic observations of the new structure to de-
termine from their radial velocities if they are on orbits
compatible with TriAnd and the low-latitude stream.
We are very grateful to the CFHT staff for performing
the MegaCam observations in queue mode. NFM thanks
Eric Bell for comments on this letter.
Facilities: CFHT (MegaCam).
1 This becomes a threefold increase when assuming the ∼ 100
stars per sq. deg. from the Besanc¸on model in the same selection
box is a reasonable estimate of the underlying CMD contamination.
2 Note that the Silvestri et al. (1998) luminosity function used
by Majewski et al. (2004) has a normalization of 16% in that range
and would lead to slightly fainter surface brightness values by ∼
0.15mag
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